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Available online 28 October 2013AbstractIn this study, we used 30 years of an operational sea surface temperature (SST) product, the NOAAOptimum Interpolation (OI)
SSTVersion 2 dataset, to examine variations in Arctic SSTs during the period December 1981eOctober 2011.We computed annual
SSTanomalies and interannual trends in SST variations for the period 1982e2010; during this period, marginal (though statistically
significant) increases in SSTs were observed in oceanic regions poleward of 60N. A warming trend is evident over most of the
Arctic region, the Beaufort Sea, the Chuckchi Sea, Hudson Bay, the Labrador Sea, the Iceland Sea, the Norwegian Sea, Bering
Strait, etc.; Labrador Sea experienced higher temperature anomalies than those observed in other regions. However, cooling trends
were observed in the central Arctic, some parts of Baffin Bay, the Kara Sea (south of Novaya Zemlya), the Laptev Sea, the Siberian
Sea, and Fram Strait. The central Arctic region experienced a cooling trend only during 1992e2001; warming trends were observed
during 1982e1991 and 2002e2010. We also examined a 30-yr (1982e2011) record of summer season (JuneeJulyeAugust) SST
variations and a 29-yr (1982e2010) record of September SST variations, the results of which are discussed.
 2013 Elsevier B.V. and NIPR. All rights reserved.
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Warming of Arctic seawater has been reported by
Comiso (2003), Chepurin and Carton (2012), and many
others (see references therein). Bengtsson et al. (2004)
gave a detailed discussion of the anomalously high
Arctic warming observed in the early part of the 20th
century; they suggested that the warming was a result
of natural variations in wind-driven oceanic flow pat-
terns, and that it caused a reduction in sea ice cover.
Deser et al. (2002) studied the decadal-scale spatio-
temporal evolution of winter sea ice in the Labrador Sea
and associated sea surface temperature (SST) variations* Corresponding author. Tel.: þ91 7926916118.
E-mail address: kamaljit.rajkumar@gmail.com (R.K. Singh).
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http://dx.doi.org/10.1016/j.polar.2013.10.003in the North Atlantic. They found that periods of
enhanced winter ice cover in the northern Labrador Sea
tended to precede colder than normal SSTs east of
Newfoundland, and suggested that advection of cold
fresh water by the Labrador Current could possibly ac-
count for the enhanced winter ice cover. Deser et al.
(2002) used an iceeocean mixing layer model to
assess the role of atmospheric forcing in the evolution of
anomalous sea ice and SSTs, and found that thermody-
namic atmospheric forcing accounted for much of the
winter-to-winter persistence and spatial evolution of ice
and concurrent SST anomaly patterns.
Comiso (2003) used thermal infrared data from the
Advanced Very High Resolution Radiometer (AVHRR)
onboard National Oceanic and Atmospheric Adminis-
tration (NOAA) satellites to study a 20-yr recordreserved.
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increasing SSTs during this time. Chepurin and Carton
(2012) used the Pathfinder SST data from the AVHRR
and operational SST products from NOAA and the UK
Meteorological Office to investigate the connection be-
tween SST variations in subpolar gyres (Nordic seas)
and those occurring further north in Arctic regions.
Similar to SSTs in the Southern Ocean, which are
affected by the El Nin˜oeSouthern Oscillation (ENSO)
(Comiso, 2000), Arctic SSTs are affected by the North
Atlantic Oscillation (NAO) and the Arctic Oscillation
(AO) (Visbeck et al., 2001; Comiso, 2003; Cohen and
Barlow, 2005; Chepurin and Carton, 2012; Qu et al.,
2012, and others). The fluctuations in SSTs and the
strength of the NAO are related (Bjerknes, 1964).
Hurrell and Dickson (2004) found that SSTs signifi-
cantly correlated with NAO variability in the Arctic,
explaining one-third of the Northern Hemisphere
Interannual winter SST variability. Qu et al. (2012)
found a positive correlation between SSTs and the
NAO in their study of the Greenland Sea.
Sea surface temperatures are one of the most
important variables affecting the Earth’s climate sys-
tem (Lindsay and Rothrock, 1994; Reynolds et al.,
2002, 2007; Deser et al., 2010). In atmospheric
models, SSTs act as an oceanic boundary condition
(Reynolds and Smith, 1994). The annual cycle of sea
ice freeze/thaw and growth/melt, and the energy ex-
change between oceans and atmosphere, depend on
SSTs (Key et al., 1997). In the present study, long-term
variability in Arctic SSTs is discussed. A warming
trend in the Arctic as a whole is observed at decadal
time scales. However, on regional scales, we have
identified some areas of significant cooling trends.
These cooling trends, as well as important features of
decadal and longer SST trends and anomalies, are the
subject of the present research.
Here, we mainly discuss: (i) interannual variability
in SST trends and anomalies during the 29-yr period of
1982e2010; (ii) decadal trends and anomalies during
three decades: 1982e1991, 1992e2001, and
2002e2010 (the 2002e2010 data are for 9 years only);
(iii) analysis of summer (JuneeJulyeAugust, JJA)
SSTs for the 30-yr period 1982e2011; and (iv) anal-
ysis of September SSTs for the period 1982e2010.
2. Data and methodology
The NOAA Optimum Interpolation SST (OISST)
Version 2 dataset (Reynolds et al., 2002; henceforth
OI.V2) for the period December 1981eOctober 2011
was obtained from NOAA/Oceanic and AtmosphericResearch/Earth Science Research Laboratory, Physical
Sciences Division (NOAA/OAR/ESRL PSD), Boulder,
Colorado, USA (http://www.esrl.noaa.gov/psd/). The
OI.V2 dataset contains monthly SST fields, derived by
averaging daily fields obtained by linear interpolation
of weekly OI fields. The analysis uses in situ and
satellite SSTs as well as simulated SSTs using sea ice
data over the marginal ice zone (MIZ) where in situ
and satellite observations are sparse due to navigation
hazards and cloud cover, respectively. The OI.V2
dataset represents a modest improvement over the
Version 1 dataset (Reynolds and Smith, 1994), based
on bias corrections performed using in situ data. The
resolution of the SST data in the OI.V2 dataset is
1  1. The first grid box is centered on 0.5E, 89.5S
and the remaining grid boxes are located eastward to
359.5E and northward to 89.5N. We reprojected the
data onto a polar stereographic projection at a spatial
resolution of 50  50 km; this reprojected dataset was
used for all of our analyses.
The analysis of interannual variability, conducted
using data from the period 1982e2010, compared
variations between annual anomaly maps, generated by
subtracting the climatological mean for the base period
1982e2010 from annual averaged SST values. We
then performed a regression analysis to compute the
interannual trends on a pixel-by-pixel basis, and the
regions with statistically significant trends were
marked. An F-test was used to test for statistical sig-
nificance. We also analyzed decadal trends, summer
season (JJA) trends, and September trends, all of which
are discussed below.
3. Results and discussion
Fig. 1 presents a temporal sequence of Arctic SST
anomaly maps for the period 1982e2010. The region
within the rectangle marked ‘A’, which is in the
Barents/Nordic Sea, experienced warming during the
period 1983e1986 (and low-amplitude warming in
1982), cooling during the period 1987e1989, warming
during the period 1990e1994, small-amplitude cooling
during the period 1995e1997, and then warming from
1998 onwards until the last year of our analysis in
2010. Thus, as of 2010, the region is experiencing a
warming trend. Similar trends were observed by
Comiso (2003) in his analysis of Arctic SSTs during
the period 1981e2001. It should be noted that the
periods of warming (1983e1985, 1990e1994, etc.)
correspond to episodes of positive NAO indices, and
the NAO may have contributed to the observed tem-
perature changes in this region. The high NAO/AO
Fig. 1. Arctic annual sea surface temperature (SST) anomaly maps for the period from 1982 to 2010. The anomalies represent the differences
between annually averaged SSTs and long-term means. The rectangles marked ‘A’ to ‘E’ show some important seas in the region, as explained in
detail in the text.
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‘A’. Similar patterns of SST warming and high NAO/
AO indices are observed in Fram Strait. It should be
noted that we used standardized 3-month running mean
AO/NAO indices from the National Weather Service,
Climate Prediction Centre, NOAA (http://www.ncep.
noaa.gov/) for computing the polarity (positive/nega-
tive) of the yearly indices.
Deser et al. (2002) conducted a study on decadal
variations in sea ice anomalies in the region of theLabrador Sea during three important periods
(1972e1974, 1983e1985, and 1990e1992) when
above-normal wintertime sea ice cover anomalies were
observed in and around the Davis Strait/Labrador Sea
area. They found that during each period, the anomaly
shifted from an initial occurrence in Davis Strait,
transitioned southward along the Coast of Labrador,
and finally fading during the third year of each period,
at which time the positive ice anomaly was present
only near Newfoundland. They also observed that the
Fig. 1. (continued).
236 R.K. Singh et al. / Polar Science 7 (2013) 233e240ice cover to the northwest of Baffin Bay retreated
during the summer of each period. In Fig. 1, the region
in the vicinity of rectangle ‘B’ shows a shift in SSTs
from colder to warmer temperatures during the period
1983e1985, although the Baffin Bay area was warmer
in 1985 than in 1983. The region around Baffin Bay
and the Labrador Sea has been warming continuously
since 1996.-4
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Fig. 2. Interannual variability in sea surface temperature (SST) anomalies
anomaly over the entire region; minimum (maximum) values are for a partic
fluctuations around the mean for the entire period of the study; the green da
are given in the bottom right of the figure). (For interpretation of the refer
version of this article.)The Beaufort Sea area marked by rectangle ‘C’,
Fig. 1, showed warmer temperatures during 1982/87/
89/90/93/95/97/98 and 2004/07e10, with the years
1982/93/95/98 and 2007/08 exhibiting greater warming
than in other years. The warmer SSTs were associated
with positive AO indices, except during the years 1998
and 2004/10, when negative AO indices dominated.
Other parameters may affect SSTs, such as airy = 0.007x - 15.30
R² = 0.8
ar
+Stdev Linear (Mean)
(in C) north of 60N. The mean represents the average temperature
ular pixel with the lowest (highest) SST; standard deviations represent
shed line shows a linear trend in SST anomalies (regression statistics
ences to color in this figure legend, the reader is referred to the web
Fig. 3. (a) Interannual linear trends in sea surface temperatures (SSTs) (in C/yr) over the Arctic for the period from 1982 to 2010, computed from
the NOAAOptimum Interpolation SST Version 2 dataset. Statistically significant trends are enclosed by the dashed white contour. (b) Map of 29-
yr averaged SSTs for the same period (1982e2010). (c) Map showing the differences between SSTs in 2010 and 1982.
237R.K. Singh et al. / Polar Science 7 (2013) 233e240temperature, wind speed (Qu et al., 2012), etc., which
can thus explain the observed warming during the
years of negative AO indices.
The region around the Chukchi Sea (just above
rectangle ‘C’, Fig. 1) showed episodes of warm and
cool SSTs during the entire period of 1982e2010; e.g.,
SSTs during the years 1983e1985, 1988/91/92/94, and
2000/01 were colder than SSTs during the years
1986e90, 1993/95/97/98, and most of the 2000s. Note
that the cooling in 2006 and the intensified warming in
2007 (which returned to pre-2007 levels by 2008)
represent recently highlighted events in this area (the
Arctic sea ice receded to a satellite-recorded minimum
in 2007).
Intense warming was observed in and around the
Bering Sea (area marked by Rectangle ‘D’, Fig. 1) in
1996/97 and in the early years of the first decade of the
21st century. In their study on Arctic SST warming
using 100 years of ocean temperature profiles andsatellite data, Steele et al. (2008) observed warm
anomalies in the Bering Strait and the East Siberian
Sea (rectangle ‘E’, Fig. 1) during 2002e2005. Our
analysis also detected the warming in this area, as
shown in the figure. Steele et al. (2008) found two
distinct peaks in the SST time series data in the East
Siberian/Laptev Sea, one negative (cool) peak in 1965
and one positive (warm) peak in 1990. Warming of this
area in 1990 is also visible in our analysis, as shown in
the figure. The most distinctive feature in this image
sequence is the intense warming observed over the
majority of the Arctic in 2007, and, to a lesser extent,
in 2005; the extent of sea ice recorded during these
years is, according to satellite observations records, the
lowest of any other year on record.
Interannual variability in SST anomalies over
oceanic regions north of 60N is shown in Fig. 2,
which shows area-averaged annual means and standard
deviations, and maximum/minimum SSTs (as point
Fig. 4. Decadal variations in Arctic sea surface temperatures (SSTs).
Left panels show linear trends in Arctic SSTs for the periods shown,
while right panels show decadal averages. Statistically significant
trends are outlined by white contours (as in Fig. 3).
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linear regression on annually averaged (mean) values
and found a marginal (though statistically significant)
increase in SSTs in this region. The temperature rose
from an annual average of approximately 0.12 C in
1982 to 0.12 C in 2005 and 2007, thus representing a
total temperature increase of approximately 0.24 C.
Fig. 3a presents an analysis of SST variations on a
pixel-by-pixel basis. Interannual trends (in C/yr) were
computed using linear regression analyses at each ocean
pixel for the period 1982e2010. Spatial variations in
interannual trends are apparent. While regions such as
the Beaufort Sea, the Chuckchi Sea, Hudson Bay, the
Labrador Sea, the Iceland Sea, the Norwegian Sea,
Bering Strait, etc. are experiencing significant warming
trends, regions such as the central Arctic, some parts of
Baffin Bay, the Kara Sea (south of Novaya Zemlya), the
Laptev Sea, the Siberian Sea, Fram Strait, and the
Greenland Sea etc. are experiencing cooling trends.
Intensive cooling is occurring in Fram Strait and along
the Canadian coast of Baffin Bay.
Fig. 3b shows 29-yr averaged SSTs over the Arctic.
Interestingly, the only negative values observed are the
average values observed in the central Arctic, whereas
values in other regions, including in peripheral seas,
are positive. A striking SST pattern is visible along a
path from the Labrador Sea to the Nordic seas across
the North Atlantic Ocean.
Fig. 3c shows differences in annual averaged SSTs
between 1982 and 2010. Large temperature differences
(as great as approximately 4 C) occur in areas such as
the Labrador Sea, the Iceland Sea (along the Greenland
Coast and near Iceland), the Greenland Sea, and
Hudson Bay. However, average SSTs in the Labrador
Sea, the Iceland Sea, and the Greenland Sea are within
the range of 4 Ce8 C, and the approximately 4 C
temperature variations in these areas may be signifi-
cantly less than those in Hudson Bay, where the
average temperature is approximately 0 C. In other
areas, approximately 2 C of SST warming is observed
in the Chukchi Sea and parts of the Barents Sea, and
the central Arctic is apparently undergoing cooling.
We next examine the intriguing cooling trend
observed in the central Arctic. We subdivided the study
period into 3 subperiods, consisting of 1982e1991,
1992e2001, and 2002e2010 (Fig. 4). In Fig. 4, the left
panel represents interdecadal trends (except for the last
row, which shows the analysis for the 2002e2010
period). The central Arctic shows a warming trend
during the period 1982e1991 and a cooling trend
during the period 1992e2001. However, warming rates
higher than those observed in the central Arctic areobserved in the Labrador/Greenland seas and Hudson
Bay in 1982e1991. From the trend analysis of the
period 2002e2010, it can be seen that the central
Arctic has experienced warming in recent years.
However, when the subperiods are averaged, results
show that SST changes in the different areas are nearly
the same, except for small positive anomalies observed
in Hudson Bay and the Bering Strait/Chukchi Sea (an
intrusion of warmer SSTs can be observed from the
Bering Sea side).
Fig. 5. Interannual linear trends in sea surface temperatures (SSTs) (in C/yr) over the Arctic for (a) summer season (JuneeJulyeAugust, JJA)
SSTs during the period 1982e2010 (maroon contour encloses pixels with negative SST trends), and (b) September SSTs during the period
1982e2011.
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taking place during the Arctic summer (based on
JuneJuleAug SST averages for the 30-yr period of
1982e2011) and during September (based on
September SSTs for the 29-yr period of 1982e2010).
We detected a linear trend in summer SSTs; Fig. 5
shows regions of statistically significant trends within
the white contour, and pixels with negative trends are
enclosed within the maroon contour. The spatial pat-
terns of summertime increasing/decreasing trends
closely follow those observed annually (see Fig. 3a).
However, the rate of warming observed in the summer
seasonal trends is apparently greater than that observed
in the annually averaged trends. Fig. 5b shows that
during the period 1982e2010, some parts of the
Chukchi Sea, Hudson Bay, and the Iceland Sea are
experiencing more warming during September than are
other areas.
4. Conclusions
We examined variations in Arctic SSTs during the
period from December 1981 to October 2011, using the
operational sea surface temperature (SST) product
from NOAA, OI.V2. Spatially varying anomalous
SSTs were observed over the Arctic in the time
sequence map of anomalies during 1982e2010. In this
29-yr period, a marginal (though statistically signifi-
cant) increase was observed in the SSTs of oceanic
regions poleward of 60N.Differences between the annually averaged SST
values of 2010 and 1982 are as high as approximately
4 C in areas such as the Labrador Sea, the Iceland Sea
(along the Greenland Coast and near Iceland), the
Greenland Sea, and in Hudson Bay. Differences of
2 C are observed in the Chukchi Sea and parts of the
Barents Sea. These temperature differences should be
considered as large, considering that they have been
observed in a region where average temperatures are
normally below 0 C.
Warming trends have been observed over most of
the Arctic, such as in the Beaufort Sea, the Chuckchi
Sea, Hudson Bay, the Labrador Sea, the Iceland Sea,
the Norwegian Sea, Bering Strait, etc. However, a
marginal cooling trend was observed in the central
Arctic and also in areas such as Baffin Bay, the Kara
Sea, and Fram Strait. Decadal analysis revealed that
the central Arctic region experienced a cooling trend
only during the decade 1992e2001, whereas warming
trends were observed during other periods (1982e1991
and 2002e2010).
5. Category of contribution
Scientific Papers.
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